Many studies have been undertaken to characterise alcohol dehydrogenases (ADHs) from thermophiles and hyperthermophiles, mainly to better understand their activities and thermostability. To date, there are 20 thermophilic archaeal and 17 thermophilic bacterial strains known to have ADHs or similar enzymes, including the hypothetical proteins. Some of these thermophiles are found to have multiple ADHs, sometimes of different types. A rigid delineation of amino acid sequences amongst currently elucidated thermophilic ADHs and similar proteins is phylogenetically apparent. All are NAD(P)-dependent, with one exception that utilises the cofactor F 420 instead. Within the NAD(P)-dependent group, the thermophilic ADHs are orderly clustered as zinc-dependent ADHs, short-chain ADHs, and ironcontaining/activated ADHs. Distance matrix calculations reveal that thermophilic ADHs within one type are homologous, with those derived from a single genus often showing high similarities. Elucidation of the enzyme activity and stability, coupled with structure analysis, provides excellent information to explain the relationship between them, and thermophilic ADHs diversity.
Microorganisms that grow better at temperatures of 80 ‡C or above are described as hyperthermophiles [4] . These organisms are able to grow not only at high temperatures, but also extremes of pH, redox potential, pressure, and salinity. They have been isolated mainly from watercontaining terrestrial and marine high-temperature areas [3] . Hyperthermophiles are present within the archaea and bacteria, where they represent entire deep short lineages [5] . For practical reasons, from this point forward, thermophilic and hyperthermophilic microorganisms will be referred to as thermophiles unless otherwise stated.
Studies of thermophiles have important implications in regard to evolution, the diversity of both microbial metabolism and prokaryotic ecosystems, and the nature of protein stability. The understanding that proteins from thermophiles are inherently thermostable, and active at the organisms' maximum temperature, was started in the early 1970s with the discovery of thermostable enzymes in Thermus aquaticus [6] . Since then, the interest in enzymes from thermophilic microorganisms is justi¢ed by the fact that many enzymes isolated from these microorganisms are thermostable, and capable of acting at high temperatures. Furthermore, these enzymes have also been found to be resistant toward common protein denaturants and organic solvents. These remarkable features from thermophilic enzymes have generated great interest from an industrial perspective, especially concerning their potential biotechnological applications, with many reviews published on thermophiles and biotechnology (e.g. [7, 8] ). However, despite their extraordinary stability, many thermophilic enzymes have been shown to have narrow substrate speci¢c-ities. In search of a more stable enzyme with broader substrate speci¢cities, many studies have been carried out to determine factors and mechanisms that control and a¡ect both activity and stability. It is noteworthy to mention here that one of the most remarkable studies on thermophilic enzymes is the demonstration of hydrogen tunnelling contribution to Bacillus stearothermophilus alcohol dehydrogenase (ADH) chemical reactivity at 65 ‡C [9, 10] , which enabled the study of hydrogen tunnelling e¡ects across a sizeable temperature range.
One of the most interesting enzyme groups from thermophilic microorganisms are the ADHs. The considerable interest in their molecular microbiology depends both on their potential biotechnology, and on the possibility of elucidating the mechanism action, the regulation, and the evolutionary relationships of the various enzymes from di¡erent sources. ADHs play considerable process and production roles, for example in generation of potable alcohol [11] , solvents and acetic acid [12] . ADHs also support the growth of methylotrophs, oxidise alcohols and catalyse lignin degradation [12] . ADHs from thermophiles are of interest for industrial alcohol and enzyme production because these microbes are uniquely suited for direct biomass fermentation to ethanol via reduced-pressure dis- Fig. 1 . Phylogenetic tree derived from thermophilic ADH and related protein amino acid sequences extracted from protein databases (Swiss-Prot, TrEMBL, OWL, PIR, NCBI, PDB, PRF). The sequences were aligned using ClustalW and adjusted by gap insertion before being clustered using the average distance method with 1000 bootstrap. Abbreviations are explained in Table 1 .
tillation, and yield active thermostable enzymes of commercial interest [13] . There is also considerable interest in the use of such enzymes in the chemical synthesis industry, particularly the pharmaceutical industry, where the production of chiral synthons is an increasingly important step in the synthesis of chirally pure pharmaceutical agents [14, 15] . Thermophilic ADHs are also suitable for synthesising cofactors NAD þ and NADP, used in various processes [16] .
Owing to microbial whole genome sequence analysis that allows for information on the putative function of a gene product to be identi¢ed by sequence comparisons, there is a lot of information on thermophiles with putative ADHs, complementing studies on experimentally characterised thermophilic ADHs. These data on putative and characterised thermophilic ADHs are valuable for further studies into their diversity. Furthermore, these data can be used to understand more about their stability properties, using both directed evolution and rational design approaches to eventually elucidate structure to function mechanisms.
The current study aims to compare and contrast factors that control and a¡ect stability in thermophilic ADHs, and how these factors further in£uence enzyme activities, with a view to future potential for increased stability and activity for applied purposes.
ADHs from thermophilic bacteria and archaea
To date, there are 20 thermophilic archaeal and 17 thermophilic bacterial strains known to have ADHs or similar enzymes, including the hypothetical proteins. As can be seen in Table 1 , these thermophiles have been isolated from natural biotopes such as hydrothermal vents, volcanic marine sediments, hot springs, deep sea chimney walls and solfataric ¢elds, as well as from anthropogenic biotopes such as petroleum reservoirs, canned peas, manure piles, apple waste digestors, beet sugar factories, and coal refuse piles. Some of these thermophiles are known to have multiple ADHs, sometimes of di¡erent types. For example, there is one well-characterised and 12 putative ADHs of one type found in Sulfolobus solfataricus [17] , while Pyrococcus furiosus has been found to have two di¡erent types of ADHs [18] . This is not unusual, considering many organisms contain multiple ADHs and their physiological roles can sometimes be di⁄cult to disentangle [19] . The presence of multiple ADHs within one or- ganism conceivably re£ects the environment in which the organism has been exposed and adapted. Therefore, each ADH may have a di¡erent role and/or speci¢city for survival. Several categories of ADHs can be distinguished based on their cofactor speci¢city, these being: (i) NAD or NADP, (ii) the pyrrolo-quinoline quinine, haem or cofactor F 420 , and (iii) FAD. The NAD(P)-dependent ADHs can further be sub-divided into zinc-dependent ADHs, short-chain ADHs, and iron-activated ADHs [12] . Most of the known ADHs from thermophiles are NAD(P)-dependent, with the exception of the Methanoculleus thermophilicus ADH that uses cofactor F 420 in the place of NAD(P) ( Table 1 ). This similarity of cofactor utilisation with their mesophilic counterparts indicates that they share a common catalytic mechanism [20, 21] .
In order to analyse diversity amongst thermophilic ADHs and related proteins, all the thermophilic ADH amino acid sequences available from public databases (Swiss-Prot, TrEMBL, OWL, PIR, NCBI, PDB and PRF) 1 were compiled and aligned using ClustalW version 1.8 EBI, for the purpose of constructing a phylogenetic tree using the average distance method and bootstrap analysis. The resulting phenogram ( Fig. 1) revealed that within the NAD(P)-dependent group, the thermophilic ADHs are orderly clustered according to enzyme type, i.e. zinc-dependent ADHs, short-chain ADHs, and Fecontaining/activated ADHs, irrespective of archaeal or bacterial origin, location of isolation or growth conditions. Using this method, ungrouped thermophilic ADHs can be classi¢ed via phylogenetic relatedness into their respective ADH types. For example, Sulfolobus tokodaii ADH sequences predicted from its whole genome sequence, previously ungrouped, can be clustered with known Zn-dependent ADHs. In this manner, previously ungrouped ADHs were able to be assigned, allowing for potential extrapolation of associated physiological and structural properties. It is worth mentioning at this point that ADHs from closely related species are often clustered together (Fig.  1) . Interestingly, nucleic acid alignments of the coding region from genes encoding thermophilic ADHs that clustered together showed a comparable degree of relatedness with the amino acid alignments (data not shown), although analysis of the complete data set of thermophilic adh genes did not result in a matching phenogram as the protein. This result implies that only adh genes with similar functions from closely related species can be clustered together.
Analysis of thermophilic ADH properties in relation to phenotypic origin, i.e. terrestrial and marine, shows that most marine thermophiles have at least one Fe-ADH, with 50% having more than one type of ADH (Table 2 ). In contrast, 78% of all terrestrial thermophiles have Zn-dependent ADHs, with 67% of them having only one type of ADH. This variation might be caused by di¡erences between the two environments, for example salinity, pH, and nutrients. In their natural habitats, thermophiles form complex food webs, consisting of primary producers and consumers of organic materials. Their metabolic potential includes various types of aerobic and anaerobic respiration and di¡erent modes of fermentation. Marine biotopes, such as hydrothermal systems located at shallow and abyssal depth and at active seamounts, are characterised by relatively high concentrations of salt (about 3% v/v) and by pH values which range from slightly acidic to slightly alkaline (pH 5.0^8.5) [22] . Thermophiles known to have ADHs from marine biotopes were all isolated from similar kinds of environments, were anaerobic, and have optimum growth temperatures ranging from 80 to 100 ‡C. On the other hand, natural terrestrial biotopes are water-containing volcanic areas [4] such as hot springs, mud holes and solfataric ¢elds, which are characterised by low salinity (0.1^0.5%) and pH values ranging from about 0.5 to 9.0 [23] . Anthropogenic biotopes, such as sewage sludges, manure and coal refuse piles, however, are more variable environments. The physical proximity of the organisms, in addition to their phylogenetic proximity [24] , may help to explain why most thermophiles from marine biotopes have Fe-ADHs with little observed variety amongst them, while those from terrestrial biotopes mainly have Zn-ADHs and higher variability of ADH types. It is interesting to note, however, that Pyrobaculum aerophilum is the only aerobic Archaeon isolated from marine biotopes, and thus it is the only species in the group that does not contain Fe-ADH. On the other hand, the anaerobic archaea Methanothermobacter thermoautotrophicus, M. thermophilicus, and Thermococcus zilligii AN1 are the only three species isolated from terrestrial biotopes that do not contain Zn-ADHs. This ADH variation within thermophiles from di¡erent environments provides evidence that the genetic and metabolic diversity present in high-temperature environments re£ects the stress components that characterise the environments, such as the range of pH, oxidation/reduction states, solute concentration, gas composition and mineralogy.
Zinc-dependent thermophilic ADHs
Using the clustering method mentioned above, it can be observed in Fig. 1 that more than 50% of known thermophilic ADHs are grouped into the Zn-dependent ADH type, dominated by Sulfolobus spp. ADHs. When the amino acid sequences of the thermophilic ADHs within the Zn-dependent family were compared with the amino acid sequence from a representative of the mesophilic Zn-dependent ADH Zymomonas mobilis (ZyMoADH) (NCBI accession no. A35260) using Sequence Comparator (v 2.0) after being aligned and adjusted by gap insertion, similarities ranging from 23.6% to 65.4% were observed.
This indicates that Zn-dependent ADHs from thermophilic and mesophilic prokaryotes are homologous ( Table  3 ). The comparison also shows that thermophilic ADHs derived from a single genus often show very high similarity. PyHoADHI and PyAbThDH, ThBrADH, TE39EADH and ThTeADHII, SuSoADHX, SuRC3ADH
and SuToADHIII are the thermophilic Zn-ADHs from one genus with similarities above 90% respectively. This implies that the amino acid sequences, and to some extent the genes responsible for ADH production, are highly conserved during evolution due to phylogenetic proximity and thus seemingly necessary for the organisms' survival. (S) and residues that interact with ligand (c) and metal (*). Accession no. of each protein within NCBI is available in Table 1 .
Many thermophilic ADHs within this group have been studied comprehensively ever since Lamed and Zeikus [11] in 1980 successfully isolated a Zn-dependent ADH from an anaerobic thermophilic Clostridia Thermoanaerobacter brockii (ThBrADH). The enzyme was found to be most active toward 2 ‡ alcohols in the presence of NADP, and retained its activity at high temperature. In a subsequent experiment, it was found that the amino acid sequence of ThBrADH shares 86.9% similarity with a Zn-ADH from the mesophile Clostridium beijerinckii (ClBeADH), despite the 26 ‡C di¡erence in thermal stability and the similarity in activity [25, 26] . This interesting ¢nding led to a series of research studies to investigate the factors that determine the thermal stability of ThBrADH in comparison to ClBeADH. Peretz et al. [27] proposed that the presence of eight additional proline residues in ThBrADH versus ClBeADH (Fig. 2) , and the exchange of hydrophilic and large hydrophobic residues in ClBeADH for the small hydrophobic amino acids proline, alanine, and valine in ThBrADH might contribute to the higher thermostability of the T. brockii enzyme. Bogin et al. [26] , however, found that only proline substitution for Ser-24, Leu-316 and Ala-347 in ClBeADH increased the enzyme's thermostability, while substituting proline for His-222, Leu-275, and Thr-149 reduced thermal stability parameters. The authors also observed that the thermal stability of each chimeric enzyme was approximately exponentially proportional to the content of the amino acid sequence, indicating that the amino acid residues contributing to the thermal stability of ThBrADH are distributed along the whole protein molecule. In addition to that, comparison of ThBrADH with yeast ADH, regarding their catalytic activity and stability in the presence of a number of miscible and immiscible organic solvents, revealed that non-polar solvents were able to enhance the thermal stability of both proteins [28] .
Another anaerobic thermophilic Clostridia, Thermoanaerobacter ethanolicus, was found to have two di¡erent types of Zn-dependent ADHs. One was most active toward 1 ‡ alcohols, and the other toward 2 ‡ alcohols [25, 29, 30] . T. ethanolicus JW200 1 ‡ ADH, however, had preferences toward NAD as a cofactor, while the T. ethanolicus 39E 1 ‡ ADH preferred NADP, which was also preferred by both 2 ‡ ADHs. This ¢nding led to the conclusion that in nature, T. ethanolicus 2 ‡ ADHs play a role in ethanol formation, while T. ethanolicus 1 ‡ ADHs convert alcohols to aldehydes [29, 30] , with di¡erences in the hydrophobic clusters present in the overall 1 ‡ ADH and 2 ‡ ADH sequences suggesting signi¢cant di¡erences in the overall structure of these enzymes [25] . The negatively charged Asp-223, -195 and -215 residues were found to be consistent with the NAD(H) dependence of the horse liver, B. stearothermophilus, and Alcaligenes eutrophus enzymes respectively, whereas the presence of an uncharged residue Gly-198 at the analogous position within the T. ethanolicus, T. brockii, and C. beijerinckii 2 ‡ ADH is consistent with the NADP(H) dependence of these enzymes [25] . T. ethanolicus 39E Zn-dependent 2 ‡ ADH Table 1 .
(TE39EADH) shares 99.4% similarity with ThBrADH and 86.6% with ClBeADH, and was found to be very resistant to thermal or chemical denaturation [31] . Amongst the 12 non-conservative sequence substitutions between the mesophilic ClBeADH and the thermophilic TE39EADH, nine correspond to the introduction of prolines (22, 24, 149, 177, 222, 275, 313 , 316 and 347) in the TE39EADH (Fig. 2) . All but Pro-313 are also present in ThBrADH [25] , suggesting that they have a similar function regarding thermostability, as in ThBrADH. Furthermore, TE39EADH, ThBrADH and ClBeADH are known to have highly similar nucleic acid sequences within both the coding and the preceding untranslated regions [27] , suggesting the three genes are homologous. Based on this conclusion, it is very tempting to hypothesise that ThTeADHII, a predicted Zn-dependent dehydrogenase from the whole genome sequence of another anaerobic thermophilic Clostridia Thermoanaerobacter tengcongensis [32] , has a similar speci¢city and thermostability to ThBrADH and TE39EADH, seeing as though the coding region of the gene is very similar (data not shown), the amino acid sequence only di¡ers by eight and 11 residues, Table 3 Similarities between thermophilic Zn-dependent ADHs a a Sequence data set compiled using ClustalW, sequence length was made consistent by the addition of gaps. Similarity matrix was derived using Sequence Comparator (2.01). Sequence alignment was made via the BLOSUM62 scoring matrix with no penalty for gaps. Alcohol dehydrogenases from Zymomonas mobilis (ZyMoADH), horse liver (HoLiADH), and Saccharomyces cerevisiae (SaCeADH) are included in the table as comparison.
and all the proline substitutions are conserved (Fig. 2) . The signi¢cant involvement of proline residues in the thermostability mechanism within these particular enzymes, which is in agreement with what has been proposed previously [33] , leads one to question whether it is a universal protein stabilisation mechanism within thermophilic ADHs, particularly within the Zn-dependent group. However, the result of all thermophilic ADH (and related protein) amino acid sequence alignments using ClustalW has shown that these prolines are not conserved throughout the whole data set, and the number of proline residues within one protein sequence is variable, ranging from 1.21% to 8.22% 2 . Furthermore, it has also been shown previously that insertions, deletions and substitutions of proline are not consistent between thermophilic and mesophilic proteins in general [34] . Thus, phylogenetic proximity and function diversity appears to greatly in£uence the unique combination of di¡erent stabilisation mechanisms within one protein family.
However, similar proteins from similar species, but di¡erent strains, do not always adopt similar mechanisms for activity and stability. For example, Geobacillus stearothermophilus strains DSM 2334, NCA 1503 and LLD-R Table 3 (Continued). 2 Comparison of amino acid residue composition from all thermophilic ADH amino acid sequences using the property pro¢le option in Omiga bioinformatics software package version 2.0.1 (Accelrys, Boston, MA, USA).
all contain NAD-dependent Zn-ADHs (BSADH, BS1503ADH and BSLLD-RADH respectively) that share 78.9^93.4% similarities amongst them (Table 3) . BSADH and BS1503ADH can oxidise a range of alcohols, but only BSADH is active towards methanol [35] . Moreover, Sheehan et al. [35] also revealed that the two enzymes did not have cross-reactivity as shown by enzyme-linked immunosorbent assay. The di¡erence between the two ADHs from di¡erent G. stearothermophilus strains was also con¢rmed by the comparison of their ADH genes as demonstrated by Robinson et al. [36] . BSADH and BS1503ADH protein sequences are identical at 244 out of 349 positions, and the catalytic Zn 2þ ligands, the structural Zn 2þ ligands and residues associated with the NAD þ -dependent proton release step are conserved (Fig. 3) . However, although the protein-coding DNAs of the two ADH genes are closely related, it was found that the G. stearothermophilus NCA 1503 adh gene has di¡erent terminator and promoter regions, and there was no apparent relationship between the sequences adjacent to the coding regions. The authors [36] suggested that the two proteins have evolved to carry out opposite metabolic steps which require that they are encoded in very di¡erent regions of the respective genomes. Regarding protein stability, it has been suggested, based on the amino acid sequence comparison between BSLLD-RADH with BS1503ADH, that the higher stability to temperature, organic solvents and denaturing agents of BSLLD-RADH might be due to amino acid substitutions of Glu-11 Lys within a salt bridge at the N-terminus and Pro-242 Ala at coenzyme binding domain [37, 38] . The di¡erence in optimum growth temperatures and conditions among the three G. stearothermophilus strains (see Table 1 ) probably explains the diversity among their ADHs. Strain DSM 2334 is a facultative aerobe, whilst strain NCA 1503 is an anaerobe. Strain LLD-R grows optimally at 70 ‡C, whilst the optimum growth temperature for strain NCA 1503 is 65 ‡C.
ADHs from Sulfolobus sp., particularly S. solfataricus, are among the most well-characterised ADHs from thermophilic archaea to date. Several di¡erent strains of Sulfolobus sp., especially S. solfataricus, have been studied, providing information about diversity of this particular protein inter and intra species. All of the known ADHs from Sulfolobus sp. are of the Zn-dependent type requiring NAD to oxidise a wide range of 1 ‡ and 2 ‡ alcohols, although the enzymes have preference toward 1 ‡ alcohols [39^41]. Their activity is inducible, as demonstrated by S. solfataricus strain Ga which exhibited highest ADH activity when grown in Brock's salt with 0.1% glucose and medium DSM 182 with 1 mM benzaldehyde [41] . Moreover, the expression of its ADH RNA at very early exponential phase, i.e. after only one duplication, was shown to be ¢ve-fold higher for cells grown in the presence of benzaldehyde [41] .
ADHs from Sulfolobus sp. often show high inter and intra species similarity. Highly conserved ADH genes with some nucleotide substitutions were also observed within the Sulfolobus genus. By using the nucleotide substitutions within the coding sequences and their £anking regions, and various enzyme features, Cannio et al. [40, 41] were able to assign S. solfataricus MT3, MT4, S. solfataricus P2 and S. solfataricus Ga in a group distinct from S. shibatae, S. acidocaldarius, and Sulfolobus sp. RC3. The amino acid sequence of SuSoADHX from S. solfataricus P2 (DSM 1617) is 96% identical to SuRC3ADH from Sulfolobus sp. strain RC3. However, SuSoADHX was shown to have higher a⁄nity towards benzyl alcohol than ethanol, while SuRC3ADH was shown to have identical activity towards both compounds [40] . Furthermore, the two enzymes were found to exhibit identical thermal resistance, with a half life of 3 h at 85 ‡C, but catalytic e⁄ciency of SuSoADHX was found to be considerably higher at all temperatures below 90 ‡C [40] . These di¡er-ences in thermal activities and substrate speci¢cities between the two enzymes were hypothesised to correspond to only 17 amino acid replacements out of 347 residues (Fig. 4) , seven of which are located in the amino-terminal region that contributes to decreased £exibility and potential of coil-£exible turn formation [40] . It will be interesting to see if the hypothetical ADH from S. tokodaii SuToADHIII also has di¡erent thermal and metabolic activities from SuSoADHX and SuRC3ADH, considering that its amino acid sequence shares more than 91% similarity with the latter two enzymes (Fig. 4) . Comparison of the amino acid sequences in correlation to the stability and activities of these three enzymes might provide valuable information on residues that determine their diversity.
Short-chain thermophilic ADHs
In contrast to the Zn-dependent thermophilic ADH, only 11 thermophilic ADHs are clustered into short-chain ADHs, as shown in Fig. 1 . Using a similar comparison method as the thermophilic Zn-dependent ADHs, similarities of 30.5^64.0% were noted in short-chain thermophilic ADHs in comparison to Drosophila melanogaster (NCBI accession no. AAA88817), Clostridium acetobutylicum (NCBI accession no. AE007758), and Pseudomonas aeruginosa short-chain ADH (NCBI accession no. AE004592) except those from Thermotoga maritima (ThMaADHIII) and Thermoplasma volcanium (TpVoADHII) which show lower similarity (most probably because they are about 100 amino acid residues longer than other short-chain ADHs) ( Table 4) . Within this group, only enzymes from Pyrococcus horikoshii (PyHoADHII) and Pyrococcus abyssi (PyAbADHI) show a high similarity of 91.3%. Shortchain ADHs, especially from prokaryotes, are not as well understood as Zn-dependent ADHs [12] . Not all of the identi¢ed enzymes that clustered within this group are ADHs, but rather they have a wide range of substrate speci¢cities and metabolic roles [12] . The only thermophilic short-chain ADH that has been characterised is that from P. furiosus (PyFuADHI). The enzyme was found to contain a well-conserved NADP binding site at the N-terminus as well as residues involved in catalysis, and have the highest speci¢city toward 2-pentanol [18] . The responsible gene for the P. furiosus short-chain ADH is located in the celB locus that encodes an intracellular L-glucosidase (CelB) and an extracellular L1,3-endoglucanase (LamA) that constitutes an operon with 2 additional genes that encode AdhA, the short-chain ADH, and AdhB, the iron-containing ADH [18] . PyFuADHI, however, appears to be di¡erent from the short-chain ADHs from P. horikoshii (PyHoADHII) and P. abyssi (PyAbADHI). The amino acid sequences from the latter two only share 42.3% and 47.5% similarities with PyFuADHI respectively (Table 4) . Moreover, while nucleic acid sequence of genes encoding PyHoADHII and PyAbADHI show a high level of similarity, CelB, LamA or AdhB are not observed within the two microorganisms [18] , suggesting they are a di¡erent type of short-chain ADH from PyFuADHI. Recently, 15 additional genes from P. furiosus that might potentially encode ADHs have been isolated and expressed in Escherichia coli [42] . When exposed to a range of alcoholic compounds, the previously characterised short-chain ADH PyFuADHI was found to have a broader speci¢city than the other 15, suggesting that each of them might have di¡erent metabolic roles [42] .
Fe-containing/activated thermophilic ADHs
Results from amino acid sequence comparison, using the Sequence Comparator (v 2.0), show that the 22 thermophilic ADHs assigned to the Fe-containing/activated group are homologous and compare well with the mesophilic Z. mobilis Fe-ADH II (NCBI accession no. AAA27683), indicating that they share a common ancestor ( Table 5) . As in the Zn-dependent thermophilic ADHs, those from related species also show high similarities. For example, ADHs from Thermococcus hydrothermalis (THydADH) and Thermococcus ziligii (ThZiADH) are 93.3% similar, ADHs from T. ethanolicus JW200 (TEJ-W200ADH) and T. tengcongensis (ThTeADHIV) are 81.8% similar, whilst ADHs from P. horikoshii (PyFuAD-HIII) and P. abyssi (PyAbADHII) share 87.6% similarity. Interestingly, the extent of similarity between Fe-ADHs from di¡erent genera, even superfamily, is exceptionally high. PyFuADHII from the Archaeon P. furiosus with ThMaADHIV from the bacterium T. maritima, for example, share a 77.7% similarity, while Fe-ADHs from Thermoanaerobacter sp. (TEJW200 and ThTeADHIV) and Thermococcus sp. (ThZiADH and THydADH) share a 70.5^72.4% similarity. Considering the nucleic acid sequence of the coding regions of these proteins are also similar, it is likely that horizontal gene transfer is responsible for these similarities [43] . Nevertheless, it has been discussed above that high similarity in amino acid sequences, like those among the G. stearothermophilus strains or between SuSoADHX and SuRC3ADH, does not always imply similar thermal and/or metabolic activities. TEJ-W200ADH, in fact, is a zinc-containing, NADP(H)-dependent homotetramer with the highest activity toward pentanol [44] . TEJW200ADH is 67^69% identical with the Fe-ADH from Thermococcus sp., and clustered together with other thermophilic Fe-ADHs in the phylogenetic tree (see Fig. 1 ), despite the fact that it contains zinc instead of iron. Indeed, mesophilic Fe-ADHs do not contain Fe after puri¢cation; rather Fe must be present in the assay mixture to obtain ADH activity. These enzymes are therefore termed Fe-activated ADHs. In contrast, the hyperthermophilic ADHs from Thermococcus sp. strain ES-1 (TES1ADH) and T. litoralis (ThLiADH) have been shown to contain Fe after puri¢cation and therefore they are referred to as Fe-containing ADHs [45] .
The amino acid sequences at the N-terminal of the four Thermococcus ADHs, namely THydADH, ThZiADH, ThLiADH and TES1ADH, were shown to be very closely Fig. 4 . Amino acid alignment of ADHs from S. solfataricus P2 (SuSoADHX), Sulfolobus sp. RC3 (SuRC3ADH), and S. tokodaii (SuToADHIII). The secondary structure of SuSoADHX is also shown, together with binding domains for catalytic Zn þ (S) and structural Zn þ (P) and residues that interact with metal (*). Accession no. of each protein within NCBI is available in Table 1. related and genus-speci¢c [46] . Therefore, Ma et al. subsequently hypothesised that the 5P end of Thermococcus ADH genes could be utilised as a speci¢c genetic marker for the Thermococcus genus [46] . THydADH and ThLiADH were shown to be strictly speci¢c for NADP as an electron carrier, while TES1ADH and ThZiADH were able to use NAD with much less preference [464 8]. All Thermococcus ADHs were reported as able to catalyse the oxidation of a range of aliphatic and aromatic primary alcohols, but not secondary alcohols. However, THydADH was found to be the only one that oxidised methanol and glycerol [47] . Thermophilicities of Thermococcus ADHs were shown to be similar, i.e. from 80 ‡C to 95 ‡C, but their thermostabilities are quite di¡erent [46^48]. TES1ADH was found to be the most stable enzyme, requiring about 35 h at 85 ‡C and 15 min at 96 ‡C for a 50% loss in activity [46] , followed by THydADH and ThZiADH with a half life of about 15 min at 80 ‡C [47, 48] . However, the oxidation reaction was reported to have a higher thermostability than the reduction reaction [46] . Therefore, the authors concluded that the more polymerised state of the protein at alkaline pH partially overcomes the thermal destabilisation of the enzyme molecule, as re£ected by the pH optimum for alcohol oxidation, i.e. 8.8 for ThLiADH, 8.8^11.1 for TES1ADH, 6.8^7.0 for ThZiADH, and 10.5 for THydADH [46^48]. Interestingly, unlike other Thermococcus ADHs, the enzyme structure of THydADH is pH-dependent, being a non-active 197-kDa tetramer at pH 10.5, the pH optimum for alcohol oxidation, and an active 80.5-kDa dimer at pH 7.5, the pH optimum for aldehyde reduction [47] . The a⁄nity of the enzyme was found to be greater for the aldehyde substrates and NADPH cofactor, suggesting that the dimeric form of the enzyme is probably the active form in vivo [47] .
The Thermococcus ADHs were also shown to have an a⁄nity towards aldehydes and NADPH, and thus it was hypothesised that aldehyde reduction must be the biological action of Thermococcus ADHs [46] in agreement with Fernandez et al. [49] , who previously emphasised that type III ADHs are involved in aldehyde detoxication in microorganisms rather than in alcohol turnover. TES1ADH and ThZiADH were proved to require elemental sulphur to be active [46, 48] , while ThLiADH activity was reported to be una¡ected by the presence or absence of elemental sulphur, despite the high similarity between ThLiADH and TES1ADH amino acid sequences at the N-terminal [46] . It was also observed that the iron in TES1ADH was bound tightly, while the iron from ThLiADH was lost more readily [46] . It is very interesting to ¢nd that ThLiADH is clustered together with thermophilic Zn-dependent ADHs, although it did not contain Zn. Further studies to elucidate the diversity of the Thermococcus ADHs would be required to understand the responsible factors.
P. furiosus was found to have a unique oxygen sensitive Fe-and Zn-containing ADH with a signi¢cant sequence Table 4 Similarities between thermophilic short-chain ADHs DrMescADH ClAcscADH PsAescADH ThMaADHIII a Sequence data set compiled using ClustalW, sequence length was made consistent by the addition of gaps. Similarity matrix was derived using Sequence Comparator (2.01). Sequence alignment was made via the BLOSUM62 scoring matrix with no penalty for gaps. Zymomonas mobilis alcohol dehydrogenase 2 (ZyMoADH2) is included in the table as comparison. similarity to the ADHs from the Thermococcus genus, and catalysed the oxidation of a range of aliphatic and aromatic primary alcohols at 80 ‡C with NADP as the electron acceptor [45] . Ma and Adams [45] hypothesised that the physiological role of the P. furiosus oxygen sensitive ADH was more likely to be in aldehyde reduction than alcohol oxidation with NADP(H) as the preferred cofactor, as with the Thermococcus ADHs. The authors also noted the high similarity between the N-terminal amino acid sequences of the ADHs from Thermococcus species and P. furiosus. Two potential sites to bind metal ions were found within the P. furiosus oxygen sensitive ADH, predictably one for Fe and the other for Zn that was expected to have a structural role that might enhance the thermostability [45] . The presence of a binding domain to iron and NADP was also observed within an ADH from T. maritima, ThMaADHV [50] , con¢rming that the thermophilic Fe-ADHs are more Fe-containing ADHs, rather than Fe-activated as with the mesophilic counterparts, and NADP is the more preferred cofactor by thermophilic ADHs within this group.
Structures of thermophilic ADHs
It has been hypothesised that thermophilic enzyme structures are similar to their mesophilic counterparts, excluding phylogenetic variations, for several reasons : 1. The amino acid sequences from thermophilic proteins are typically 40^85% similar to mesophilic proteins [25] , showing homologous proteins (with sequence identity higher than 40% for long alignments) to have similar conformations [51, 52] with exchanges at certain positions being involved in substrate and coenzyme binding, and roles in the proton relay system [12] .
2. Three-dimensional (3D) structures of thermophilic and mesophilic proteins are superposable [53] . 3. Thermophilic and mesophilic proteins share the same catalytic mechanisms [53] . Thus, scientists are left with the hypothesis that thermostability properties of the proteins from thermophilic organisms are not as a result of major structural di¡erences from their mesophilic counterparts. Several factors have been suggested to contribute to the thermostability property of thermophilic enzymes, and this topic has been extensively reviewed elsewhere [54] . In general, these stabilising factors may arise due to amino acid composition and intrinsic properties [33, 34, 55] and/or structural organisation [34,53,56^59] .
Nevertheless, each thermozyme is stabilised by a unique combination of di¡erent mechanisms [53] . Di¡erent protein families adapt to higher temperatures by di¡erent sets of structural devices. For example, Szilagyi and Zavodszky [58] found that the only signi¢cant di¡erences between mesophilic and thermophilic proteins are found in the number of ion pairs, because most properties are utilised for stabilisation only in some protein families, and when the di¡erences in a property are evaluated for the whole uni¢ed data set then the stabilising changes found in these families are compensated for by opposite changes in other families. The authors also found that proteins from extreme thermophiles are stabilised in di¡erent ways to moderately thermophilic ones. For example, a signi¢cant decrease in the number of cavities was observed in extremely thermophilic proteins but not in moderately thermophilic ones [58] . On the other hand, moderately thermophilic proteins were shown to have a signi¢cant increase in the polarity of their exposed surface, which was not observed in extremely thermophilic ones. Furthermore, it was observed that proteins from moderately thermophilic micro- organisms contained signi¢cant increases in K-helices, whilst those from extremely thermophilic ones contained signi¢cant increases in L-strands. Their amino acid composition was also shown to be considerably di¡erent: in moderately thermophilic species, protein lysine content decreases and arginine content increases, while in extremely thermophilic proteins there is an increase in the percentage of all charged residues, including lysine [58] . To date, there are ¢ve thermophilic ADH crystal structures deposited within the Protein Data Bank (Table 6 ). The most well-characterised are those from T. brockii (PDB 1YKF and 1BXZ) (Fig. 5) as they have been extensively analysed and compared with the crystal structure of the highly homologous ADH from the mesophile C. beijerinckii (PDB 1JQB, 1KEV, 1PED) [56, 59, 60] . The speci¢city of both enzymes towards NADP(H) was found to be determined by residues Gly-198, Ser-199, Arg-200, and Tyr-218, with the latter three making hydrogen bonds with the 2P-phosphate oxygen atoms of the cofactor. While either ThBrADH or ClBeADH contain structural Zn, the catalytic Zn in apo ClBeADH was found to be tetracoordinated by side chains of residues Cys-37, His-59, Asp-150, and Glu-60. In holo ClBeADH the latter residue was found to be retracted from Zn in three of the four monomers, whereas in holo ThBrADH Glu-60 was not found to participate in Zn coordination. It was also observed that in the two holo enzymes residue Ser-39 and Ser-113 were in the second coordination sphere of the catalytic zinc [60] . Interestingly, the highly homologous thermophilic ADH to ThBrADH, TE39EADH, was proposed to bind its catalytic Zn atom di¡erently, i.e. using a sorbitol dehydrogenase-like Cys-His-Asp motif [61] . In relation to that, Heiss et al. [62] performed a mutation of Cys-295 to alanine in TE39EADH to give C295A 2 ‡ ADH, on the basis of molecular modeling studies utilising the X-ray crystal structure coordinates of ThBrADH. The C295A mutation was found to cause a signi¢cant shift of enantioselectivity toward the (S)-con¢guration in the reduction of some ethynylketones to the corresponding chiral propargyl alcohols, which con¢rmed the prediction that Cys-295 was part of a small alkyl group binding pocket whose size determines the binding orientation of ketone substrates, and hence, the stereochemical con¢gu-ration of the product alcohol. The ADH from C295A mutation was also found to have a much higher activity towards t-butyl and some K-branched ketones than the wild-type TE39EADH [62] .
Several factors such as a more hydrophilic exterior and hydrophobic interior, a smaller surface area, more prolines and alanines but fewer serines, more salt bridges, hydrogen bonds, and hydrophobic interactions, [59] , and improved stability of K-helices and tighter molecular packing [56] have been suggested to contribute to the thermal stability of ThBrADH (Table 6 ). Mutational analysis of structural elements at critical locations revealed that enhanced thermal stability of ThBrADH is mainly due to the strategic placement of structural determinants at positions that strengthen the interface between its subunits [56] . This, in particular, is the proline residues located at a P-turn and a terminating external loop in the polypeptide chain [63] .
The crystal structure of SuSoADHX (PDB 1JVB) (Fig.  5 ) was shown as a NAD(H)-dependent homotetrameric enzyme that uniquely contains two zinc atoms per subunit, with a catalytic and structural role respectively (Table 6) [64]. Despite the rather low level of sequence identity with other medium-chain ADHs, it was revealed that the structurally and functionally important residues and adjacent regions are conserved or conservatively substituted [65, 66] . Surprisingly, the closest structural homologue of SuSo-ADHX was found to be the NADP(H)-dependent ketose reductase from Bemisia argentifolii (PDB 1E3J), which shares only 26% sequence identity. Reaction with iodoacetate was observed to increase the oxidation rate of aliphatic and aromatic alcohols 25-fold and decreases the reduction rate of aromatic aldehydes, but the modi¢ed enzyme observed was found to acquire some mesophilic character, i.e. being more active at low temperatures and showing a temperature optimum at about 65 ‡C, where its speci¢c activity reaches a maximum value before decreasing abruptly [67] . A number of structural di¡erences between SuSoADHX and other ADHs were signi¢cantly observed [64] , i.e. : 1. The number of Cys residues in SuSoADHX subunit is lower than in horse liver or yeast ADHs. 2. Unlike ClBeADH or ThBrADH, SuSoADHX contains structural zinc, and SuSoADHX thermostability is partially due to the presence of glutamate in its structural metal binding site. 3. Arg/Lys ratio was found to be about twice as high as mesophilic ADHs. 4. Loop 46^63 was found to be signi¢cantly longer and protrudes towards the coenzyme binding domain, forming interactions with the shorter opposite loop (residues 270^275). 5. The structural lobe in the amino-terminal part of the catalytic domain was observed to have a di¡erent orientation. 6. In the Rossmann fold, the loops connecting the secondary structural elements and at the region 276^288 were found to contain strands LS and helix KF which are involved in the dimer formation. 7. Location of the K4 helix was found to be closer to the coenzyme binding domain. 8. The enzyme was found to have three pairwise interacting aromatic residues close to the active site and form an aromatic cluster, which supposedly was one of the major factors that contribute to thermal stability and thermophilicity of thermophilic enzymes [68] . More recently, the crystal structure of the Zn-ADH from Aeropyrum pernix (AePxADHI) has been determined, and was found to be 39% identical to SuSoADHX in apo form [69] . Like SuSoADHX, the enzyme was also found to contain two Zn ions, each was involved in catalytic and structural roles respectively [69] . The only thermophilic Fe-containing/activated ADH of which the crystal structure has been determined is that from T. maritima (ThMaADHV) [50] . However, the detailed analysis of the enzyme is currently unavailable.
Conclusions and perspectives
It is apparent from the discussion above that diversity within thermophilic ADHs was in£uenced by di¡erences in physical environment where the microorganisms were originally isolated, apart from phylogenetic proximity. Both factors determine the metal and cofactor utilisation, metabolic activity, and stabilisation strategy adopted by these enzymes, despite highly homologous amino acid sequences. Within the Zn-dependent ADHs, three types of ADHs have been found: (i) NAD-dependent 1 ‡ ADHs; (ii) NADP-dependent 1 ‡ ADH; and (iii) NADP-dependent 2 ‡ ADHs, with the latter being the most well-characterised. In contrast, short-chain ADHs within prokaryotes, especially from thermophiles, are understudied with a lot more research required to elucidate their characteristics. It is noteworthy, however, that despite the wide range of substrate speci¢cities and metabolic roles of the protein clustered within this group, the NADP binding site and some residues that are involved in catalysis are well-conserved. Within the Fe-ADH group, a wider variety has been observed. In contrast to mesophilic Fe-ADHs, most of the thermophilic Fe-ADHs contain iron, although one contains zinc, and another contains both iron and zinc with a unique feature of extremely oxygen sensitivity. However, in line with the mesophilic Fe-ADHs, all of them were found to have a preferential selection towards NADP, and are most active towards 1 ‡ alcohols.
Currently, limited information is available regarding the genes encoding thermophilic ADHs, making their analysis much more complicated than the protein. Whereas there has been some evidence that coding and £anking regions of adh genes within comparable loci could be utilised as a speci¢c gene marker in a genus, further study involving bench experiments as well as bioinformatics analyses is necessary to further determine the physiological function of the protein.
Characterisation of crystal structures of Zn-ADHs from T. brockii and S. solfataricus suggested that while some stabilising strategies were generally adopted, such as networks of ion pairs, other strategies may not be adopted by all thermophilic ADHs, and thus there is no apparent universal thermostabilising strategy observed within one group. More studies on thermophilic ADHs protein neighbourhoods are still required to elucidate their function and stability mechanisms. The availability of a more thorough structure database of highly thermostable proteins and, in particular, of enzymes belonging to the same family inter and intra genus, even superfamilies, would provide further information on the di¡erent routes towards macromolecular stabilisation explored in the course of evolution.
